Abstract The Vacuum Vessel (VV) system is an essential component of Keda Torus for eXperiment (KTX), and various scenarios might take place on it. The VV's supports should be adequately strong to stand against various loads on VV, which might happen in extreme scenarios. Therefore, the design of VV supports is verified in a single extreme scenario and is subsequently optimized in this report. The numerical simulation based on Finite Element theory is performed as the major method for analysis and optimization. The electromagnetic force in previous analyses serves as the load for the mechanical analyses of supports. During the optimization, the stresses of the VV supports decrease remarkably after introducing cotters. Finally, the optimum design has been worked out. It satisfies the requirements regarding the strength and convenience in assembly.
Introduction
Keda Torus for eXperiment (KTX) is a reversed field pinch (RFP) device [1] . The Vacuum Vessel (VV) system of KTX is pretty essential for providing high quality plasma. Thus the supports of VV should be steady enough to hold the VV.
KTX is similar to RFX, which is another reversed field pinch device. Yet, there is an evident difference in support designs between two devices. The supports of VV in RFX lie at the outer lateral vessel, while the VV supports of KTX are located at the bottom of the vessel, bearing the gravity and serious electromagnetic force of the whole structure. The reaction condition of the supports of KTX not only quite differs from the condition of RFX but might also be quite tough.
Since diverse scenarios could happen on VV, the VV supports should be strong enough to bear loads on VV in these scenarios. Hence, it is necessary to verify and optimize the design of VV supports in KTX.
One single extreme scenario is taken into account as the background for supports' analysis: Plasma Accidental Termination (PAT) during the flat-top stage. The numerical simulation based on finite element theory is executed by means of ANSYS to finish the mechanical analysis of VV supports. The reaction force at the bottom of VV has been extracted in the electromagnetic analysis of VV, which corresponds to an extreme scenario. This force can serve as the load for the analysis of VV supports. In addition, two objectives are considered: a. VV supports can bear the load; b. the requisite operation space for assembling support is as small as possible. During the optimization, several models have been built and verified to figure out the optimum design.
Structure
The VV system's compositions are the vacuum vessel, the outer copper shell, the insulation and the supports. The vessel, insulation and copper shell form a double-C structure for the VV system in the toroidal direction. There are 12 VV supports distributed evenly round the bottom of the VV, holding the whole VV system, as shown in Fig. 1 .
The VV supports of KTX are actually support tubes, in which neck tubes are placed. The support tubes consist of an upper support tube and a lower support tube, which are connected to each other by bolts. The top of the upper support tube is welded with the vacuum vessel, while the bottom of the lower support tube is bolted to the bottom plate. All the VV support components are made of 316L, which is a kind of non-magnetic alloy. The properties of 316L are listed in Table 1 [2] . Fig.1 The structure of VV and VV supports 3 Reaction force in the extreme scenario
In order to verify the strength of the VV supports, an extreme condition should be considered and its serious load would be extracted as the conservative load for VV support analysis. The PAT during the flattop stage is selected as the extreme scenario. In this scenario, the plasma current drops down rapidly from 1 MA to zero while the currents of the TF, PF, OH coils stay unchanged. Similar to the RFX device in Italy, it is assumed that the plasma current accidental termination is an exponential decay and the time constant of the decay curve is preliminarily set as 0.1 ms [3, 4] . The decay of plasma current is shown in Fig. 2 [5] . According to some factors about confidentiality and division of work, the currents of the TF, PF, OH coils are not shown in this report. Fig.2 The decay of the plasma current Numerical simulation is adopted to calculate the electromagnetic force acting on the VV system. The finite element model of VV is shown in Fig. 3 , which consists of plasma, VV, a copper shell, PF coils, TF coils and OH coils. Two analyses are performed sequentially based on the finite element model. The former is an electromagnetic analysis which considers the current of plasma and coils as load, aiming at obtaining the eddy and electromagnetic force distributed on VV. The latter is a mechanical analysis. During this analysis, the distributed electromagnetic force serves as load. Besides, the conjunctions of VV and VV supports lying at the bottom of the VV are defined as substitute support loops, which are constrained in all degrees of freedom. Thus the reaction forces at substitute support loops can be calculated in the mechanical analysis. The reaction forces are extracted and the maximum value is 6239.074 N. The variation of horizontal reaction force (RF horizontal ) in each loop over time is shown in Fig. 4 . The variation trends of the 12 reaction forces are similar. The reaction forces climb fast to a peak within about 0.2 ms, then fall down slowly; some waveforms even form a small inferior peak. The maximum reaction force value occurs on the fifth support loop (ϕ = 135
• ) at 0.5 ms. It is conservative to select the most serious force loads, namely the maximum reaction force, for the mechanical analysis of a single VV support. The components of the maximum reaction force are listed [5] :
The allowable criteria
According to RCC-MR2007 [6] , the primary membrane plus bending stress intensity at no moment exceed 1.5S m (θ m ):
The value 1.5 for S m the multiplication coefficient is applicable to plates and shells for which the bending stresses are defined in RB 3224.13 [7] . To be conservative, the temperature is set as 200
• C, in which the mechanical integrity of the supports is relatively weak [8] . That is, the allowable stress density (S m ) of 316L in 200
• C is 184 MPa. More details are given in Table 2 [2] . 
The mechanical analysis of VV supports
In the preliminary design, 16 bolts are applied. Half the bolts are used for the connection between the upper tube and the lower tube (connection 1), and the other half are used for the connection of the lower tube with the bottom plate (connection 2), as shown in Fig. 5 . The size of bolts is M16 and the material of them is 316L, the same as the material used for all the other components of the support. is generated for mechanical analysis of the VV supports. Solid elements and beam elements are used in conjunction for the major components of this model. Besides, contact elements are defined as the contact areas between tubes and pretension elements are defined for the preloading of bolts. There are 42808 nodes and 38300 elements in the whole model. The upper or lower support tubes both consist of a tube and flanges. The beam elements are adopted to represent bolts. Umbrella structures, which are also defined by beam elements, are built to simulate the connections between bolts, nuts and flanges. Particularly, the umbrella structure here is a little bit special. Differing from MPC, rigid constraint or rigid links, the umbrella structure consists of those beams that are not rigid. The beams have the same properties as 316L'sthe Young's Modulus is 185 GPa and the Poisson's Ratio is 0.3. Applying comparatively flexible material to these beams could avoid distortions during simulation to some extent, though it might prolong the duration of calculations.
During the simulation, the bottom area of the bottom plate is constrained. Contact areas are built between the upper and lower support tubes, and between the lower support tube and the bottom plate. The contact elements are applied in these contact areas, which stand for the actual interaction between different bodies. Pre-tension elements are exerted on bolts, they provide pre-stress for bolts during the simulation. The pretension is set as 0.6σ s (σ s is the yield limit of the material) [9] . The detail stress contours in the simulation of the VV support and bolts are shown in Fig. 6 . The maximum stress density of bolts (P 0 bolt ) is 222 MPa, which exceeds the allowable stress density of 184 MPa (S m ). It is illustrated that the bolts suffer from a severe shearing force load. The maximum stress density of tubes and plate (P 0 tube ) is 80.6 MPa, it is much lower than the allowable stress density (S m ), gaining quite an adequate safety margin for tubes and the bottom plate. The bolts have serious stress regions compared with tubes, hence the bolt design would be the major optimization object in the following design stage. To sum up, the preliminary design does not satisfy the design requirement.
Optimization
Considering the result of the preliminary design, three reinforcing methods are adopted: a. increasing the number of bolts; b. introducing cotters to help sustain the shearing force, easing the bolts' burden; c. adding ribs to strengthen the tube.
Five ameliorative designs of VV supports are worked out for the subsequent simulation, and five different finite element models are generated to represent correspondent designs. The details are shown in Table 3 . The first ameliorative design (Model 1) raises the number of bolts. The second one (Model 2) adds cotters into the design. The third and fourth designs (Model 3 and Model 4) increase fasteners' number based on the second design. The fifth design (Model 5) adds ribs in the lower support tube based on the fourth design.
Since the support tube should be able to sustain a force load from different directions, the asymmetric distribution of fasteners should be eliminated. Hence the bolts and cotters are alternated evenly round the flange in Models 2, 3, 4 and 5. Particularly, the cotters are substituted by a pole with several umbrella structures in finite element models. The details are shown in Fig. 7 . Besides, there are no pre-tension elements on cotters in analyses.
The results of ameliorative designs are briefly depicted in Fig. 8 . It is obvious that the bolts possess the highest stress among the tubes, bolts and cotters. The maximum stress of bolts drops down markedly from 222 MPa to 139 MPa and then stays stable with further amelioration of the design. The maximum stress of tubes and cotters stays stable all the time. The results of Models 2, 3, 4, 5 are almost the same. The infinite element models of ameliorative designs
Fig.8 Maximum stress in different models
The maximum stress density of the tubes in Model 1 (P 1 tube ) is 80.8 MPa, which is almost the same as the one in Model 0 (P 0 tube ), maintaining the large safety margin. The maximum stress density of the bolts in Model 1 (P 1 bolt ) is 193 MPa, it obtains a 13% decrease from the one in Model 0 (P 0 bolt ), but is still higher than allowable stress (S m ). Therefore the Model 1 does not meet the design requirements yet.
Then, the maximum stresses of the tubes in Models 2, 3, 4 (P 2 tube , P 3 tube , P 4 tube ) are respectively 75.2 MPa, 69.3 MPa, 72.4 MPa. They gain a little decline and the positions of all exist in the bottom region of the lower support tube. In order to reinforce the lower support tube, ribs or round corners can be introduced in subsequent designs. The maximum stresses of the bolts in Models 2, 3, 4 (P 2 bolt , P 3 bolt , P 4 bolt ) are 139 MPa, 137 MPa, 137 MPa, respectively. These three maximum stresses show large decreases from P 0 bolt , they are about 25% lower than the allowable stress, illustrating that the application of cotters is pretty useful.
As to the results of Model 0 (16 bolts) and Model 1 (24 bolts), raising the bolts' number takes effect; and it is obvious that adding cotters also work well from the comparative results of Model 0 (16 bolts) and Model 2 (8 bolts and 8 cotters). Comparing Model 0, 1 and Model 0, 2, introducing cotters is much more effective than increasing the bolts' number. However P 2 bolt , P 3 bolt and P 4 bolt are pretty close to each other, showing that raising the fasteners' number after introducing cotters gains quite a little. The maximum stresses of cotters in these models (P 2 cotter , P 3 cotter , P 4 cotter ) are respectively 21.6 MPa, 11.8 MPa, 13.4 MPa, so the cotters are very robust for the structure. To sum up, Models 2, 3, 4 are solid with adequate safety margins. Only the contours for Model 2 are displayed in Fig. 9 , since the stress distributions of the designs are similar in all Models.
The maximum stress of the bolts in Model 5 (P 5 bolt ) is 136 MPa. Although P 5 bolt is the lowest maximum stress of bolts in the ameliorative designs, it decreases too little from P 4 bolt to take effect. The maximum stress of the tubes in Model 5 (P 5 tube ) is 64.2 MPa, which is also the lowest P 5 tube in the designs. However, comparing Model 4 and Model 5, it is inferred that introducing ribs does not effectively improve the structural integrity of the tube. During assembly, the VV, copper shell and TF coils are assembled before the VV supports, leaving a narrow space for the VV supports' assembly. The details are shown in Fig. 10 . Then the lower support tubes are positioned and after that the bolts and cotters are positioned and tightened. It is very difficult to tighten the bolts and cotters because the poor narrow space does not allow for the necessary operation of a wrench. Thereby, the design of the VV supports should be as simple as possible to simplify the assembly. Among the ameliorative designs, Model 2 costs least fasteners and possesses no ribs, saving space which is pretty precious for the manufacture of support tubes and the assembly of support tubes' bolts between the TF coils. Taking into account the convenience of manufacture and assembly, Model 2 is selected as the optimum design for the VV supports.
Conclusion
In the current design stage, the design of VV supports is more specific. A preliminary design and five ameliorative designs are worked out for the VV supports. Correspondently, six finite element models are generated to simulate the supports' reaction in an extreme scenario, verifying the integrity of supports. Through the results and comparisons of the simulation results, several conclusions are drawn as follows:
a. The VV supports satisfy the integrity requirement after optimization.
b. Introducing cotters is pretty useful for decreasing the maximum stress of bolts.
c. The second ameliorative design (KTX − BOLT4 − COTTER4) is selected as the optimum design currently, considering the convenience of manufacture and assembly.
